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THE EFFECT OF PRESSURE ON THE KETO-ENOL EQUILIBRIA OF ACETONE
AND CYCLOHEXANONE
BY ]IRO ~$l:GI, TETUD '-1IIZl.'a'.ASti A\n TADAFI:3dI TAC}iIBANA
   The etTect of pressure an the ke[o-enol equilihria of acetone and cyclohexanoae 
in the solvents of carbon disulfide, toluene and n-hexane has been studied by the 
measurement of the infrared spectra a[ high pressure: Comparing the molal volume 
of the keto form with that of the enol form, it is expected that the enol from is 
favorable with increasing pressure. In this study, this expectation has been con-
firmed. That is, the keto-eaol equilibria of acetone and cyclohexanoae shit[ [o [he 
enol form with increasing pressure. 
   However, the absolute r•alue of the enol concentration is yet small. For ex-
ample, the value of the ke[o-enol equilibrium constant, K=(enol)/(ketn), for ace-
tone in n-hexane is 1.6 x 10'2 al a pressure of SOOO kg/cm2, and that for cyclohex-
anoae in x-hexane is 3.6 x 10-2 at the same pressure. 
   .Acetone and cyclohexanoae are the monake[ones of the aliphatic and the cyclic 
structure, respectively, and the pressure effect on the keto-enol equilibria is larger 
for [he former than for the lacer. This difference may he due to the structural 
diRerences between acetone and cyclohexanoae. 
   As for the solvent effect on the keto-enol equilibria, the concentration of the 
eaol form of acetone and cyclohexanoae in the solvent of n-hexane are much higher, 
and in general the enol form increases in mhexane. This tendency is also confirmed 
is this experiment. The concentration of the eao] form of acetone in carbon disul-
fide and is toluene are much [he same, but for q'clohexanoae the concentration of 
the enol form is carbon disulfide is higher than in toluene.
Introduction
   Since K. Jieyerll had determined the concentrations of the enol forms at equilibria for some 
ketones by the so-called K. ~Ieyer Method which is based upon the fact that the enol form absorbs 
bromine rapidly, the studies on the keto-enol equilibria were carried out for many substances. The other 
titration method using iodine monoch!oride was also reported'->. 
   The molecular refractioaal, the ultraviolet spectrum+> and the infrared spectrums) were also used 
as [he means of studying the keto-enol equilibria in comparison with the titration method.
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   In the studies on the keto-enol equilibria by the infrared spectrum, the~C=O stretching region at 
about 1100cm-~ and the ~C=CG stretching region at about 1600tm-r were generally useds>. Especially, 
the keto-enol equilibrium of etbylacetoacetate was im~es[igated in detail by using [hose regions. 
   As for the e6ett of pressure on the keto-enol equilibria, Kabachnik eE aPl. and Le koblee~ studied 
it for ethylacetoacetate. Hox•ecer. in these studies the concentration of the enol farm was determined 
by the titration method after releasing pressure. 
   In general, the substances used as samples of the studies on the keto-enol equilibria were ethylaceto-
acetate or a-diketones. Then, little attention has been paid to the keto-enol equilibria os monoketones. 
   This paper reports the results obtained from the studies of the pressure effect on the keto-enol equi-
libria of acetone and cydohezanone by the measurement of the infrared spectra at high pressure.
                                 Experimehtals 
   Acetone, cydohexanone and benzaldehyde. and carbon disulfide, toluene and n -hexane, commercially 
offered as guaranteed reagents, treated with the ordinary purification method, were used as the samples, 
and the solvents, respectively. These solvents were chosen From the view of the following criteria. 
   1. No absorption band in the experimental range of wave numbers. 
   2. too solidification at the experimental pressure. 
   3. i~o reactivity with the carbonyl group. 
    4. Fo corrosive action to the opticalvessel. 
Then, the polar solvents, such as alcohols, chloroform, methylene chloride, etc., were not used in this 
study. 
   The apparatus used is [he same as reported in the previous paper9~. When this optical vessel is used 
for the measurement of the infrared spectrum, the response of the spectrometer is very slow. Then, after 
getting balanced posivons, the dots of the recorder pen were obtained at the in[en•al of 10,-20 cm''. 
    The solution of 1 mole,llwas always used in this experiment, for this concentration was suitable for 
the measurement of. the absorption spectra at high pressure, owing to the path length of the optical 
vessel. 
   The measurement was performed at the pressures of 1, 2000, 4000, 6000 and 8000 kg/cmZ for each 
solution. 
   On the other hand, the apparent extinction coefficients ofeach solution at 3400 em'' aad the relation 
behveen the concentration of OA group and the apparent extinction were obtained by using an ordinary 
optical cell with potassium chloride windows. The experiments were carried out in the room conditioned 
at 20-C, though the temperature of the optical ce<_sel for high pressure measurement was not regulated 
by any special method. 
     6) R. J. W. Le Ffvre aad H. Welsh, J. Chem. 5oc., 2230 (1919) 
      I)lf. L Kabathnik, S. E. Pal-ushl-i na, and \. V. KislyaAova, Doklady. Akad.:\'uak. L'. R. S. S., 96, 1169 
      (1914) 
     8) R'. J. Le Soble. !. Am. Chem. Soc., g2. 5253 (1960) 
     9) J. Osugi and 1'. Kitamuca, This laun~uL 35. 25(1961).
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                            Results and Considerations 
   Absorption band of the enol OH stretching vibration 
   Up to the present time, the ~C=O stretchingregion and the >C=C< stretching region were used 
in the studies on the keto-enol equilibria by the infrared spectrumst. Howeveq these regions are not 
used in this study, since the sapphire window has no [ransmittance in these regions. 
   It was reported that the enol OH stretching vibrations of ethylacetoacetate nd S-diketone such as 
acetylacetone were found in 2500~2800cm-tto). This fazt was explained from the view that [he enol 
OH group in these substances would form the Conjugate chelation with the strong intramoletulaz hydro-
gen bond, because of the shift of the OH svetching vibration to the lower wave number. 
   However, Calvert e! oltt>. reported that the OH absorption band of the enol acetone in the photo-
lysis of 2-pentanone vapor was found at 3629crn ~ in vapor phase. Accordingly, since methanol has the 


















  •\ 




~>o , ,~ 
    3700 ;16W ~ 3700 3300 3'!00 3i00 3600 3600 3700 3:100 3:00 
         Wave number (cm-') Nave number (cm'') 
 Spectra of acetone and methanol in acetone. Fig. 2 Spectra of cyclohezanone and phenol in cy 
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   Full line: acetone Full line: cyclohexanone 
   Broken line: methanol in acetone Broken line: phenol in cyclohexanone 
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      Fig. 5 Change or[he apparent transmiuance of the spectra of acetone intoluene by pressure 
          (1 mole/1) 
and cyclohexanone v rlap with [he overtone band, respectively. Then, the effect of pressure on the ab-
sorption band at 3400cm-t was studied. 
   Time required to reach at equilibrium after wmpression 
   The time required to reach at equilibrium after compression s examined. As shown in Figs. 3 and 
4, there is no difference b tween the spectrum after 2 hours at the definite pressure and that after 20 
hours, and the system isallowed to reach at equilibrium in 2 hours, so that measurements of he spectra 
were carried out after 2 hours' pressing. 
    Effect of Pressure on theketo-eaol equilibrium 
    The apparent absorptions at 340D tm'~, of 1 mole/1 solutions ofacetone, cyclohexanone a dbenzal-
dehyde in the solvents ofcarbon disulfide, toluene and n-hexane were measured a[the pressures of 1, 
2000, 4000, 6000 and 8000 kgfcmt. The result obtaiced for acetone in toluene is shown in Fig. 5 as an 
example. 
   Acetone and cyclohexanone may be in the keto-enol equilibrium as shown in equations (1) and (2), 
respectively. 
         CH3 C-CH]~CH1-C=CH] 
            ~ ~ (1)              O OH 
                H, HZ HZ H
         HZC<C-C ,C=O~HrC<C-C~C--0H (2 )
                H, HZ/ Hi Hz 
    The molal volume of acetone is i ~.3 cm' and that of ally) alcohol, CH]=CH-CHsOH, which is the
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alcohol type isomer of acetone, is 68.0 cma. The latter is smaller than the former. On the other hand, 
the parachors~> of the keto forms and the enol forms of acetone and cydohexanOne ar  calculated. The 
parachor isrepresented by equation (3), 
r 
            P=hp d (3 )
where 37 is the molecular weight, Y is the surface tension, D is [he density of liquid phase and d is that 
of gas phase. In equation (3), in the keto form and the eno] form. N1 is the same, d being negligible by 
comparing with D and assuming to be 7.~-]'eT- Then, equation (4) is deduced. In equation (4) suffixes 
e and k represent [he [he enol form and the ke[o form, respectively. 
   The density of the enol form is calculated by equation (4). Then, [be molal volume of the eool 
form is estimated. The results are shown in Table 1. That is, the mOlal volumes of the enol forms of 
acetone and tyclohexanone are smaller than those of the keto forms, respectively. The molal volume of 
the enol form of acetone calculated by the parachor is essentially equal to [hat of ally) alcohol. 
   9ccordingly, it is expected that the keto-enol equilibrium shifts to the enol sidewith incre~ing 
pressure. As shown in Fig. 5, the apparent absorptions increase with pressure. It is considered that the 
increases of the apparent absorptions of acetone and tyclohexanone are due to the shift of the keto-enol 
equilihria to the enol side. 
    However, the tendency that the apparent absorption increases Leith pressure was also found in the 
previous paper93. In order [o study [he influence of pressure on the overtone band of ,C=O stretching 
vibration, the apparent absorptions at 3400cm-[ of benzaldehyde, which has not the enol form the view 
point of the molecular structure, were measured in [he solvents under high prevure. 
             H H 
             C-C           HC~ ~C-C-H bcnzaldehyde 
               C=C ~I 
              H H O
   On the other hand, the apparentextinction coefficients of these samples at 3400cm-t were obtained 
ie each soh•ent. The results are shown in Table 2. 
                          Tablet Calculatedmolalvolumeat 20'C 
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Apparent extinction cce~cien[ aL 3400cm t (ea;I/mole.cm)
1 (1966)










































































   Supposing that Beer's law (5) holds, the change of the appnrent extinc[io¢ with pressure is calcu-
lated by equation (6) from the experimental results. In equation (6), sa is the apparent extinction coeffi-
cient, T„ is the transmittance at pressure of P, and T1 is that of 1 kg/cros. E, is shown in Table 3. 
                  std=ln ~° (5 )
                        logTp               E
o=t"Io TT (6 )                           g t 
    The relativevolumes of the samplesand the solvents are shown in 'I'ahle 4. The values for acetone, 
carbon disulfide and n-hexane are the data of P. N. Bridgmantal, but those for toluene, cyclohexanone 
                          Table 4 Relative olume at 20~C (V,/Vt)
pressure (kg/<m~
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and 6enzaldehyde were measured in our laboratory. Pure cyclohesanone a dbenzaldehyde solidify at pres-
sures of 4400 and 4i00kg/cmr, respectively. However, it is found that they do not solidify in solutions 
a[ a pressure of8000 kg/cm2, bul they may 6e in super compressing. Then, the relative volumes ofthese 
samples a[ pressures of 6000 and 5000 kg/cmz were obtained by the extrapolations of volume-pressure 
cun~es below the freezing points. 
    E'a is the appazentextinction obtained by equation (i). 
E'o is the value which is corrected for the change of the concentration due to compression. Plotting E'a 
against pressure, the linear elations n•ere obtained as shown in Figs. 6--8. In Figs. 6^-8, the apparent 
extinction of6enzaldehyde also increases with pressure. But, as benzaldehyde does not change to the 
enol form from the riew point of its molecular structure as described above, it is concluded that he increase 
of the apparent extinction of6enzaldehyde is brought by pressure itself, and not 6y the enol form. 
   It is assumed that the coefficient of the change ofthe apparent extinction ofeach samplebypressure 
itself would be equal in the same solvent. Accordingly, the increase of the apparent estinclion of the 
OH group due to the shift of the keto-enol equilibrium tothe enol side with increasing pressure is re-
presented bythe difference b hceen the increment cf the apparent estinclion of acetone orcyclohesanone 
by pressure and the increment which multiplied [te apparent extintion of acetone or cyclohesanone at 
ordinary pressure by the pressure coefficient of the 6enzaldehyde in the same =_olvent. 
   This relation is represented by equation (8), where Eao is [he apparent extinction of the OH group, 
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ine is the apparent extinction of the enol OH group which is increased by 
the change ofthe apparent extinction by preuure iuelf as mentioned ahove. 
is carried out by equation (9). The relation is shown in Fig. 10. 
  E'oa=E~~i a ~s~ (9 ) 
arent extinction of the OH group which is increased by the shift of the keto-
side in equations (1) and (2) by pressure. 
ag the low concentration solutions of methanol in acetone and phenol in 
t extinction of the OH group is L•etones was measured. The result is shown 
arent extinction of methanol in acetone is in good agreement with that of 
ccordingly, it is not unreasonable that this relation between the apparent 
a[ions of these substances i used for the estimation of the concentration of
be concentration of the enol form teas determined by this re]atioa. The result 
keto-enol equilibrium constant. 
e of the keto-enol equilibrium constant with pressure is larger for acetone 
e=_e increases with pressure are shown in Figs. 12 and l3.
(1966)
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   dV obtained byequation (10) is shown i  Table 6. On the calve 
                   81nXl _ QV (10)               ~oP /T RT 
of dV, there is a large difference between acetone and cyclohexanone. It is concluded that this difference 
is owing to the aliphatic structure of acetone and the cyclic structure of cyclobexanone. In the molal 
volumes of the keto form and the cool form of these substances calculated by the parachors, the differences 
between the keto form and the cool form are mucb the same for these substances. However, for the cool
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form of cydohexanone, the ~C=C~ double bond should be produced in the six membered ring. Owing 
to this double bond the stric[ion is made in [he sis memhered ring. For this reason it is supposed that 
the shift to the cool form is retarded. On acetone, as there is no steric hindrance, the ratio of the enoli-
zation is higher comparing to cydohexanone. From the view that acetone is in associated state. the value 
of dY {or acetone is understandable. 
  As for the solventeffect, the enolization of acetone or cydohexanone is highest in n-hexane. It was 
previously reported that the concentration of the coot form increased in n-hexane. This tendency was
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also Confirm ed in this study. The enolization of acetone in carbon disulfide and in toluene are much 
same, but that of cy-clohexanone in carbon disulfide is larger than in toluene. This may be asvibed 
the effect of the steric factor on the keto-enol equilibrium. -
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